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ABSTRACT  Using a double beam stopped-flow  apparatus, measurements were
made  of the velocity constant of the reaction  CO  +  Hb --  COHb in solution
and  in the red  cells of human  beings,  rabbits,  horses,  and  goats. The solution
constant  (I')  at  370C  for human  beings  was  362  Ml-'  sec.-';  in  other species
1'  was  somewhat  lower.  Two  rabbits,  despite  having  apparently  identical
hemoglobins  had  significantly  different values  for  1'. The energy  of activation
(E) of 1' was between  8 and  11  kcal/mole in all cases.  The cell reaction constant
(I') at 37° was between  61  and  73 mM -l  sec.-' in all cases; at 370  the trend was
for  the smaller  cells  to have  the higher  1.  This  cell  size  effect was  much less
than  previously  found  for  the  faster  oxygen  reaction.  This  showed  that  by
merely increasing  the rate  of chemical  reaction,  it was not possible  to increase
cell  uptake  rate beyond  a  certain level,  this level being dependent  on the  size
and  membrane  properties  of  the  cell.  At  lower  temperatures  1' was  a  more
important factor in determining  1' than was  cell  size.  The cell membrane was
a barrier to gas diffusion  in all  species.  The effect  of temperature  on  c'  was also
measured  and was less than  its effect on 1' at most temperatures.  Temperature
effect  increased  in small  cells  at low  temperatures.  Both these  findings  are  in
accordance  with  predictions based  on differentiation  of Roughton's  equations.
INTRODUCTION
Holland  and  Forster  (13,  14)  have  recently  shown  that  differences  in  the
sizes of red cells  among species  cause  a great difference  in  the rate  at which
oxygen is taken up into combination  with intracellular hemoglobin.  The rate
of oxygen  uptake  by reduced  red cells  was found  to be almost  twice  as fast
in goat  cells  (mean corpuscular  volume  20 Mt8)  as it was in human  cells  (MCV
90 #').
Further study has been made  in the present paper of the cell size  effect in
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different species  using carbon  monoxide.  At 37°C  it combines  with  reduced
hemoglobin  in solution  only about  one-eighth  as fast  as does  oxygen.  In ad-
dition,  and  in contradistinction  to the  oxygen reaction,  the velocity  of com-
bination of CO with reduced hemoglobin  in solution varies with temperature,
so  within  the one  species  a wide  range  of uptake  constants  can be  obtained
by varying  the temperature  at which  the reaction  is  studied.  This  tempera-
ture  effect has also  been studied in different species.
Analysis  of the factors  affecting  the cell  uptake constants  has usually been
done  using the  equations  of Roughton  and  collaborators  (6,  18,  21,  22).  In
the series reported here it was found that the assumptions made in setting up
a  cell  model which  could  be  treated  mathematically,  together  with  experi-
mental error,  made  exact analysis  of the  results  impossible.  Nevertheless  the
equations  were able to explain  the approximate magnitude  and the direction
of change in the kinetic constants  as changes were made in one or more  of the
factors  affecting  gas uptake rate by the cells.
METHODS
Measurement of the  Velocity Constant of the Reaction
CO +  Hb - COHb
A double beam stopped-flow  apparatus  was used as described  by Sirs and  Roughton
(25) with modifications as previously described  (14,  16).  In the model  used currently
the four tangential jets  to the mixing chamber  were 0.5 mm bore instead of 1.0 mm
bore. By following  the iodine-thiosulfate  reaction  the mixing was shown  to  be better
than 95 per cent at room  temperature by the time the reactants reached  the observa-
tion point  1 cm from the mixing  chamber.
The  interference  filters  used  for  obtaining  monochromatic  light  (Baird  Atomic
Ltd.) had maximum transmissions at 560 and 480 m,  respectively.  The widths of the
beams at half-peak height were  6 and  5 m/A respectively.  A green filter opaque below
450 mAu  (Wratten No. 4) was used in front of the observation tube to protect the hemo-
globin from  light in  the  strongly absorbing  Soret region.
The  photomultiplier  tubes  were  RCA  IP21.  The  interdynode  voltage  was  kept
low to avoid  fatigue.
The output fed from the photomultipliers and cathode followers to the oscilloscope
was shown  to be linear with COHb saturation.  This was in accordance with the find-
ing of Holland and Forster (14) that the output was linear with HbO2 saturation  using
filters  transmitting at 482 and  559 m/t.  The linearity  is  also  in accord  with  calcula-
tions of output for different saturations made on the basis of the extinction  coefficients
of Hb and  COHb at the relevant wavelengths.  Sirs and Roughton  (25) found  output
to be alinear with COHb saturation but a calculation of the expected  outputs showed
that for the wavelengths which they used  (530 and 542 m/y)  some alinearity was to be
expected.  In  the current study, most of the output fed  to  the oscilloscope  came from
the extinction  change at 480 my where  the extinction  coefficients are less than  half of
their value at 530 or 542 m.
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Types of Red Cells and Hemoglobins
The species  were  the  normal  human  (two),  rabbit  (two),  racehorse  (twelve),  and
Saanen  goat  (two).  These  have  erythrocytes  which  are  non-nucleated,  biconcave,
circular  discs and  mean  corpuscular  volumes respectively  of approximately  90,  60,
40, and 20 It
3 (1,  14). The ionic composition of the goat red cells was checked by flame
photometry and they were shown to be of the high potassium type.
Hemoglobin  content  of  the  blood  was  estimated  by  the  cyanmethemoglobin
method of Drabkin and Austin  (5)  and red cell count and hematocrit normally done.
The mean corpuscular  hemoglobin  concentration  in all cases was between  19 and 22
mM and when allowance was made for  possible  inactive forms it was felt  reasonable
to  use a figure of 20 mM in all cases.  Mcv  was close  to the  figures given above  in all
cases counted.  The rabbits had  values  of Mcv  of 64 and  66  3  respectively  and  were
both regarded  as having an Mcv  of 65.  Due to the  large number  of horses used,  not
all had  full blood counts but Mcv  was 40  t3  in both horses  where  it was  measured.
Small errors  in the  Mcv  are not  important  because  the  difference  among  species  is
great  and  because  the  precise  relationship  between  Mcv  and  cell  dimensions  is
uncertain.
At  the  end  of  an  experiment  the  deoxygenated  cell  suspension  was  examined
microscopically  and  in all  cases disc  forms  appeared  predominantly.  Crenation  oc-
curred  rapidly on the slide  and some degree  of crenation or sphering  during the ex-
periment could not be excluded. The suspensions were  also centrifuged to check that
hemolysis  had  not occurred.
Preparation  of Reactants
All experiments were  performed using a dilute suspension of reduced  cells or solution
of reduced  hemoglobin  in  saline-phosphate-bicarbonate  buffer.  Deoxygenation  was
by repeated  shaking and  flushing  with  a mixture  of CO2 and  oxygen-free  nitrogen
(CO2 tension  30  to  40 mm Hg).  The  CO  for  the  reaction  was  dissolved  in  buffer
identical  with that used  for the  cells or  hemoglobin  solution. The  CO2 tension  was
again between  30 and  40 mm. The  buffers have  been described  elsewhere  (14,  16).
The  cell  buffer  was  isotonic  with plasma  and  gave a pH  of 7.4  at 37°C  for a  CO 2
tension of 40 mm  Hg. At 22°C pH was  7.2 to  7.3  and  at 80C it was 6.9  to  7.0 (16).
The hemoglobin  solution  buffer,  chosen  to  approximate  the intraerythrocytic  en-
vironment,  contained less bicarbonate and gave a pH 0.2 unit less for the same  CO2
tension.  The composition  of the  buffers,  in grams/liter,  was:  Cell suspension  buffer:
NaCI,  6.73;  KCI,  0.26; KH2PO 4,  0.068;  Na2HPO 4,  0.176; NaHCO3,  2.16.  Hemo-
globin  solution buffer: KCI, 7.46; KH2PO 4, 0.136;  Na2HPO 4, 0.352; NaHCO3,  1.26.
For cell reaction rates, a  1  :70 dilution of whole blood was used.  This gave a hemo-
globin concentration of about 0.13 mM for human blood and a little less for the other
species.  For  hemoglobin  solution  studies  a  1:200  dilution  of  spun  cells  was  used
giving a value for [Hb] of about 0.1  mM. The CO concentration  in the equilibrating
gas was 20  to 30  per cent.  In  the buffer equilibrated with 29 per cent CO  [CO]  was
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enough to saturate the hemoglobin  fully. The equilibration  of gas with  the buffers  is
described  elsewhere  (14).
For cell reaction rates  blood was taken  into a heparinized  syringe and was always
studied  fresh, the  experiments  usually  being  complete  within  4  hours of taking  the
sample.
For hemoglobin  solution  the cells were washed  three times with  isotonic buffer  or
saline and  then  hemolyzed with  100  times their  volume  of distilled  water.  For con-
venience,  human cells were,  on occasion,  stored in a freezer for periods  up to several
weeks and  then hemolyzed  by thawing  and addition  of distilled  water. This was not
done for the goat  or horse cells,  as both showed  some conversion  to methemoglobin
in the  freezer, the goat after  1 week and the  horse after  2 days.
Gas Analysis and the Calculatzon of [CO] in the Liquid Phase
Analysis for CO and C02 in the equilibrating gas was done in triplicate or quadrupli-
cate in the absorption apparatus of Fry  (8).  This  gave  percentages  correct to within
2 in the first decimal place.  Winkler's solution  (3)  was used as the CO absorbent.
In  calculating  the  CO  content  of  the  buffer  solutions  the  solubility  coefficients
given  in the  Handbook  of Respiration  (1)  were  used.  As  the solubility  of CO was
given only for water,  a correction was applied  to the Bunsen coefficient  (a)  to  allow
for the  electrolyte  content  of the  buffer.  For  the  cell  buffer,  which approximates  in
ionic strength to  0.155 N  NaCl,  aco at any temperature  was multiplied  by  the ratio
(solubility of oxygen  in 0.155 N  NaCl)/(solubility  of oxygen  in water). For the  buffer
used  in  Hb  solution  experiments,  which  was  less  concentrated,  the  ratio  of  o,  in
0.119  N  NaCl to that in water was used.
Units Used
Throughout this paper the forward velocity constant for the combination of gas with
hemoglobin  has been expressed  as "liters per millimole  per second"  which is equiva-
lent to "per millimolar  per second"  abbreviated  as "mM - sec.-'."
The conventional  symbols  for  the velocity constants  have been  used  (9,  22).  The
forward velocity constant for the combination  of oxygen with reduced  hemoglobin  is
denoted by k' in solution and k  for the intracellular  reaction.  For carbon monoxide,
I is used instead  of k.
Calculation of the  Velocity  Constants
The presence of four combination  sites on the hemoglobin molecule results in a change
in the velocity constant for combination with CO  as the  reaction proceeds.  Also,  the
apparent  velocity  constant  for  the  cell  uptake  rate  can  be  calculated  with  validity
only in the earliest stages  of the reaction  (7).  For these reasons  the values of 1' and 1'
were all measured  for the initial  phase of the reaction  and  it would be  more correct
to call  them "initial  velocity constants."
Calculations of  ' and 1, were made from the tangent to the continuous curve of the
oscilloscope  record  of the  reaction at the time when the reaction  was first seen, just
as elsewhere described for the oxygen reaction  (14).  Forster et al.  (7)  also describe  the
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calculation  using  the  initial  tangent  to  their  curve  composed  of  individually  de-
termined  points. In the present work, a small error has been introduced by regarding
the time when the reaction  record first appeared  as zero  time.  In fact,  some reaction
had been occurring  in the mixing reactants in the 3 msec. dead time of the apparatus
and [CO] when the reaction was first seen was slightly lower than the value used (half
the concentration  in  the  reactant  syringe).  This  error  could  not  have  been  great.
For I' estimations,  [Hb]  immediately after mixing was 0.05  mM  and the highest value
for 1' was 500 mM - 1 sec.-l. In the  3 msec. dead time  this could give a fall in [CO]  of
only  7.5  percent  and  with  the  imperfect  mixing  before  the  observation  point  the
error would  have been  less. For slower  reactions  the theoretical  error  is less,  being
approximately  proportional  to the velocity constant.  It  is less than  2 percent for 1' or
I' of 100 m-'  sec.-l. Thus (see below)  the error from this cause  is less than 2 per cent
for all estimations of  .
RESULTS
Velocity Constants  for the Solution Reaction CO  +  Hb - COHb
These  are  shown  in Table  I. The Arrhenius  plots of the data are  in Figs.  1
to 4, the  natural logarithm  of 1' having been plotted  against  103/T (degrees
absolute)  and  the regression  lines  calculated  by the method of least squares.
There was some  interspecies  difference  in the values found for 1'  (see  Fig.  5)
but for the human  beings,  horses,  and  goats the  points lay close to a species
regression line.
Rabbits  I  and  II  differed  as regards  ' at all temperatures  (p  <  0.001  for
each temperature).  The difference  in temperature  coefficient  was  small but
over the range studied  the values  of 1'  differed by a factor of 1.5  to 2.  There
was no possibility  that this was due to experimental  error as the rabbits were
studied  on many different  days and on  six occations  1' was measured  for the
rabbits  within a few minutes  of each other. The same  CO solution was used
for  each  and the  order of studying  them  was varied.  Nor  is it  possible that
the kinetic  difference  was  due  to changes  in  the proteins  after hemolysis  as
the kinetic difference  also appeared  in the intracellular  reaction especially at
low temperature  (see  below).  Rabbits  III and IV have  not been studied  at
all temperatures  but the results  indicate that the kinetic difference  between
rabbits I and  II  is not an isolated case.  So far it has not been possible  to dis-
tinguish  between  rabbits  I and  II  other  than by their  kinetics.  The absorp-
tion  spectrum  of  their  hemoglobin  was  recorded  on  a  Perkin-Elmer  350
recording  spectrophotometer  for  the  oxy,  carboxy,  and  acid  met  forms  be-
tween  700 and  460  mu. The  spectra  were  identical and  normal.  Starch  gel
electrophoresis'  of the hemoglobin was performed at pH values of 8.6  (borate-
I I  am indebted  to Miss  Clark  of the  New  South Wales  Blood Transfusion  Service for  the electro-
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TABLE  I
VELOCITY  CONSTANT  (1')  FOR  THE  REACTION
CO  +  Hb -*  COHb  IN  SOLUTION
Subject  Temperature  t'  sE  of mean
°C  mm
-
l  sc. -1
Human  I  44.0  510  18.9
Human  II  44.0  468  9.8
Human  I  37.0  385  11.0
Human  I  30.2  247  3.5
Human  II  25.0  213  7.9
Human  I  8.5  80.6  2.5
Human  II  8.0  78.3  2.5
Rabbit I  43.0  277  10.8
40.0  256  2.8
37.0  236  8.6
30.0  149  5.8
24.2  113  3.0
7.9  46.0  1.7
Rabbit  II  43.0  166  8.2
40.0  182  3.6
40.0  164  3.0
37.0  149  5.2
36.6  123  2.6
30.0  90.2  4.4
24.3  64.3  1.4
7.4  23.7  0.9
Rabbit III  23.3  50.1  0.9
8.2  20.2  0.8
Rabbit IV  23.2  89.8  2.3
8.2  30.1  0.7
Horse  III  37.0  248  7.7
Horse  IV  37.0  243  8.7
Horse VII  28.3  176  3.5
Horse VIII  28.2  183  5.5
Horse II  22.0  132  2.8
Horse VIII  16.9  111  3.1
Horse VII  16.8  106  2.9
Horse VI  8.4  65.0  1.5
Horse V  7.9  64.3  1.9
Goat II  44.1  385  20.9
Goat I  37.0  298  2.7
Goat  I  24.0  129  5.3
Goat I  8.0  45.9  0.7
Goat II  8.0  44.2  1.5 1.5
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NaOH buffer),  and  7.4  and  6.8  (sodium  phosphate  buffer) but this showed
no difference between  the molecules.
The  energy  of  activation  (E) for  each  species  was  calculated  from  the
Arrhenius equation of physical chemistry
d(ln l')/d(l/T) =  - (E/R)
6.0
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FIGURE  1.  The effect of temperature  on human 1' (closed circles)  and  I'  (open circles)
The regression  line for 1' was  In I' =  20.61  - 4.56  (10a/T)  and the  95 per cent confi-
dence limits for E  were 8.4 to 9.8.
The negative slopes  of the regression lines of Figs.  1 to 4 were  multiplied by
1.987,  the value of R,  the gas constant,  in  calories mole-'  degree-'.  As  the
regression lines were calculated for In 1' on  O1/T, E  is in the units of kilocal-
ories/mole.  The values  of E  for  man and  the horse  did not differ at the 95
per cent level  (0.05  < p  < 0.10). The values of E  showed difference between
man and goat  (p  <  0.005)  and between  horse and goat  (p  < 0.001).  As the
rabbit hemoglobins  differed from each  other, no attempt was made to com-
pare their energy  of activation with that for other  species.
Velocity  Constants  for the Intracellular  Reaction
These are shown in Table II  and in Figs.  1 to 4 and Fig. 6. In all species stud-
ied l  increased  with temperature.  At 37°C there was no significant difference
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among the  species.  At room  temperature  there  was  little  interspecies  differ-
ence in I'  although the slowness of the reaction  of CO with hemoglobin solu-
tion  in rabbit  II  was  reflected  in  a  low value  of 1' for  this  animal.  At 8°C
there  was  considerable  difference  in  lc among  species  and  between  rabbits
but the difference  had  no relation  to cell size  and reflected the differences  in
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FIGURE  2.  The  effect  of  temperature  on  rabbit  '  (closed  symbols)  and  I'  (open
symbols).  The  regression  line  for 1' was  in 1'  =  20.44  - 4.67  (103/T)  in  the  case  of
rabbit I  and in  1' = 21.62  - 5.18  (103/T)  in the  case  of rabbit  II. The 95  per  cent
confidence limits for E for the rabbits were  8.4 to  10.2 and  9.1  to  11.5.
I' at this  temperature.  The values  for  human  1' at  37C are  within  10  per
cent of the l  at 37° for three  of the four subjects  of Forster et al.  (7)  and are
very close  to the values for human l'  found by Carlsen  and Comroe  (2).  Both
groups  used  a rapid  steady  flow  technique  and  optical  recording.  This  ap-
proximation  of results by the different  methods is further evidence  that there
is no  significant gas tension gradient,  sufficient  to  slow down  the  rate  of gas
uptake by the cells,  in the suspending fluid when  the stopped-flow  apparatus
is used.
For  comparison  with  the findings  of Holland  and  Forster  (14)  k'  at 370C
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was measured for goat  I and found  to be 146  m - sec.-'  (SE  =  1.7)  in good
agreement with their figures.
DISCUSSION
The Reaction  Rate of Hemoglobin Solutions
The values  of 1' in human  beings were about  25  per cent below  those found
by  Gibson,  Kreuzer,  Meda,  and Roughton  (10)  whose results  showed  con-
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FIGURE  3.  The effect  of temperature  on horse  I' (dosed  circles)  and  1i (open circles).
The regression line  for P  was In  1  =  18.89  - 4.14  (10a/T)  and the  95 per cent  confi-
dence limits for E were  7.5 to 9.0.
siderable variation.  The effect of varying  CO2  tension at a constant pH has
not been investigated  and  as  the experiments  of Gibson  et al. (10)  were  ap-
parently  performed  at zero  CO2 tension  this may account  for  some  of the
discrepancy.  The  energy  of  activation  found  here  for  human  hemoglobin
(9.1  kcal/mole)  is in good  agreement  with that  of 9.0  kcal/mole  found  by
Meda  (10) over a smaller temperature range.
One may question the calculation  of energy of activation when,  as in the
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present instance,  the pH is not constant  over the range of temperatures  stud-
ied.  However,  it is not possible  to keep  both pH  and  CO2 tension  constant
and in these  experiments it was decided  to keep the  CO2 tension  close  to the
physiological.  In view of the likelihood that Pco2 affects the reactions of hemo-
globin independently  of pH  (reference  23,  p. 776),  it seems  as reasonable  to
calculate  E from data with uniform  CO2 as from data with uniform pH.  In
addition,  in  the  physiological  range  of pH,  the  degree  of ionization  of the
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FIGURE  4.  The  effect  of temperature  on  goat  1' (closed  circles)  and  1t  (open  circles).
The  regression line for  1' was  In  1' =  23.15  - 5.43  (103/T)  and  the 95 per cent confi-
dence limits for  E were 9.8  to  11.8.
heme-linked  acid  groups  is  temperature-dependent.  A  value  for  energy  of
activation  uncomplicated  by this  effect  could  be  obtained  only  by working
at alkaline or acid pH values which are quite unphysiological.  However,  the
values  for  E  found  here  represent  the apparent  energy  of activation  under
conditions which apply in the red cells.
In other species  1' was not greatly different from  human 1'  or from sheep
I' reported  by Sirs  (24).  The activation  energies  differed  somewhat from one
another but none  was greatly  different from  the value  for man  or from  the
value in sheep of 10.5 kcal/mole reported by Sirs  (24)  at pH 8 and by Gibson
and Roughton  (11) at pH 9.1.
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Absolute  reaction  rate  theory  (12)  was  used  to relate  the values  of 1' with
the energy of activation of the reaction  (E). As the values for E in the rabbits
overlapped  those  for other  species,  the  rabbits  were  omitted  from this  com-
parison. From equation  178  (page  199)  of reference  12: For a chemical reac-
tion in solution  the velocity  constant  (k)  is predicted  by the equation
k =e RT e-RIR  ec/R  (2)
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FIGURE  5.  The regression lines for In I' from Figs.  1 to  4 to show comparison of 1' from
animal to animal.
where  N  is  Avogadro's  number,  h is Planck's  constant,  E is the  experimen-
tally determined  energy  of activation,  and  Sct  is the  entropy of activation.
When,  as in  the present  experiments,  the  velocity  constants  are  similar  in
magnitude but the energies of activation differ, the entropy terms of the equa-
tion must differ.  Calculations  were  made using the  values  of E from Figs.  1,
3, and 4 at 30°C (303°abs),  the point at which the values for horse and goat
I' coincide (Fig. 5). At this temperature,  the ratio of the entropy terms,  es ' /R,
for horse,  man,  and goat respectively,  was  1:6:74.  Even  if the  values  for E
for horse  and goat are on the edge of their 95  per cent confidence  limits,  the
ratio  of their entropy  terms  is still  1:3.7.  As the entropy  term  involves  the
likelihood of formation  of the atomic configuration  necessary for the reaction
to proceed,  these  differences  suggest that steric factors  operating to slow  the
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combination  of CO with Hb are more  pronounced  in the  horse  and in man
than in the goat.
TABLE  II
VELOCITY  CONSTANT  FOR THE  REACTION
CO  +  Hb  COHb  IN THE  RED  CELLS  ()
Subject  Temperature  lc  SE  of mean
Human I
Human I
Human II
Human II
Human I
Human I
Human II
Rabbit I
Rabbit  II
Horse  I
Horse II
Horse  IX
Horse X
Horse  IV
Horse XI
Horse XII
Horse XII
Horse XI
Goat  II
Goat I
Goat  II
Goat  II
Goat  I
Goat  II
Goat  I
oc
44.0
37.0
37.0
24.5
23.0
8.3
8.0
37.0
24.8
8.2
37.0
24.8
8.7
37.0
37.0
28.0
23.2
23.1
20.2
20.0
8.4
8.1
44.0
37.0
37.0
24.5
23.5
8.1
8.0
mM-I  sec.-I
97.0
69.3
65.4
44.7
48.0
20.3
25.3
67.8
43.8
16.0
61.5
33.3
10.6
69.8
68.2
60.8
48.5
48.1
48.9
46.2
25.2
22.3
90.6
72.5
68.7
49.2
51.7
17.2
16.2
3.0
3.4
2.5
1.5
1.9
1.1
1.7
3.2
1.3
0.6
2.2
1.1
0.3
1.8
3.5
1.2
1.8
1.6
2.3
1.7
1.2
0.6
1.1
5.0
2.3
2.0
1.8
0.7
0.4
The Permeability of the Cell Membrane
The approach to the estimation  of membrane  permeability to gases  has been
to set up a model of the cell  (6,  22).  Using the values for cell thickness,  reac-
tion rate of hemoglobin in solution,  and diffusion  coefficient of the gas in he-
moglobin,  the  rate  of uptake  of oxygen  or  CO  by the  reduced  cells  is  then
predicted.  Any  slowness  in the  observed  uptake rate compared  with  the pre-
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dicted rate is attributed to resistance  to gas diffusion across the cell membrane.
The  usual model  of the red  cell  has  been  a  sheet  of hemoglobin  of infinite
extent and  thickness  equal  to the  mean  half-thickness  of the red  cell.  Into
this sheet gases can enter from one surface. The equation derived for cell reac-
tion rate in this way is:
I'  = (1/b)  l  D/[Hb] tanh bV/l' [Hb]/D (3)
This is  a rearrangement  of equation  2 of Forster's review  (6)  with the back
reaction  neglected.  If there  is significant  resistance  to  gas entry  in  the cell
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FIGURE  6.  The variation in 1  with red cell size at different temperatures.
membrane,  the equation is
tanh  w
=  (/b)  /[Hb]  1 +  (/X)  tanh w (4)
In  these  equations  1'  and  l4  are  the  velocity constants  for  solution  and  cell
uptake rate  of CO by reduced  hemoglobin  and are  in units of mM-  sec.-' 1 .
b  is  the  thickness  of the  layer  of hemoglobin  corresponding  to the  mean
half-thickness  of the red cell  (expressed in centimeters).
D is the diffusion coefficient of CO in the hemoglobin layer and has a value
of 7.6 cm2 sec.-l at 370C.  It  increases  by 2.5  per cent per degree  C  (22).
[Hb]  is the initial concentration  of reduced  hemoglobin  in the cells.  In  all
cases here it has been taken as 20 mM.
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X is  the  ratio of the permeability  of the red  cell  membrane  to that of the
cell  interior  and  is  equal  to  (D2/b2)/(D/b)  where  D2 is  the diffusion  coeffi-
cient  of CO  in the cell  membrane and  b2 is  its thickness.  A high value  for X
indicates high membrane  permeability.
w = b  ' [Hb]/D and is used merely for convenience.
In the past,  0.7 pu  has been  taken as the value  for cell  half-thickness  in red
cells of greatly differing volume; the sheep with Mcv  =  33 /3  (18, 20, 24),  and
the  human  being  with  Mcv  =  90  3 (7).  This has  tacitly assumed  that cell
size was  of no importance in determining  the rate of gas  uptake by the  cells.
Holland and Forster  (14) showed  that this was not so and also drew attention
to the fact that the best data on cell dimensions,  those of Ponder  (19),  showed
no consistent  relationship  between  Mcv  and  cell  thickness.  In view  of these
uncertainties  it is  not reasonable  to give  any accurate  value  for  X but as  l
has  not  been  measured  before  for  the  rabbit,  horse,  or  goat,  approximate
values of X have been calculated.  If the value of 0.7  for b is used,  X (human)
=  1.5  at 37°C  in  agreement with  the calculations  of Forster  et al.  (7)  who
also used  this value  for b. For this value  of b at 37°C,  X in the other  species
lay between  1.8 and  2.6. For b = 0.9  u  at 370C, X lay between  3.0 and  7.4.
These  values  agree  reasonably  with  the  values  for  X for  oxygen  found  by
Holland and Forster  (14).  At the other temperatures  the values for X were of
the same order  but were  a  little  lower  at low  temperatures.  In  view  of the
suggestion  based  on computer  studies  (personal  communication  from  R.  E.
Forster)  that  the  effective  half-thickness  of the  human  cell may  be close  to
the greatest half-thickness, the value  of human X  for b =  1.2 p was calculated.
(Ponder  (19)  gives 2.4  pz  as the greatest thickness  of the human erythrocyte.)
At 37°C  this gave X  =  8.1.  If the cell  membrane  thickness  is taken  as 50 A
as suggested by Davson  (4), the diffusion coefficient of CO in the membrane
would, for this value of X, still be only one-thirtieth of its diffusion coefficient
in  the red  cell interior.  These  findings confirm  the existence  of a barrier  to
gas diffusion at the red cell membrane  and, within  the limits of the assump-
tion of cell  half-thickness,  it appears  that this barrier  is  of the same order in
all the species  studied.
The  spherical  model  of  the  cell  was  also  considered  (volume  of  sphere
taken  as equal to cell Mcv).  Using the equation  for predicting l'  (6,  21)  the
predicted  value  was  compared  with  the  actual  values found.  The  spherical
model  value  of X was then calculated  as described  by Roughton  (22).  This
calculation  merely confirmed  the presence  of a barrier at the  cell membrane
in  all  cases  and  the  ratio  D2/D was  similar  to that calculated  for  the  disc
model.  At low temperatures  the  values  of  X for the  spheres were  relatively
low but as the  sphere is a highly artificial  model it did not seem  reasonable
to infer a change  in membrane  permeability.
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The Interaction between  Cell Size and Solution Reaction Rate
It is apparent  from Fig.  6 that at low temperatures,  where the solution rate
is slow, the effect of red cell size on 1' is unimportant.  The predominant factor
is the reaction  rate  of hemoglobin  solution with  CO.  At room  temperature
and at 37°C  the cell  size was a  more important factor  and predominated  in
the species  studied, except for the rabbit, where l', particularly for rabbit II,
was slower than for the other species.  The change in the relative importance
of 1' as a factor determining 1' as  '  increased can be seen from the records of
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FIGURE  7.  Comparison  between the  effect  of cell size  on cell uptake rate  constant for
oxygen and for CO at  370°C.  The points for the CO constants are from Fig. 6 of the pres-
ent study;  the points for the O2 constants  are the means of the values for the  species as
found by Holland and Forster (14).
the two rabbits. As the temperature  increased, the cell reaction rates became
much closer than the solution rates.
A comparison  of  the present  results  for  '  at 37°C with  the  k  results  of
Holland  and Forster  (14)  shows  the importance  of cell  size at higher values
of the solution reaction rate. The comparison  is shown in Fig.  7.  For human
cells an  eightfold  difference  between  the  solution  reaction  rate  of Hb with
CO and  02 resulted  in  only a small  increase in  cell reaction rate  (at 37°C,
1'  =  67,  k  =  80).  For  the goat  cells,  whose volume  was  only one-quarter
that of the human cells,  an increase  in solution  rate very  little greater than
that for human  beings produced  a great increase in cell rate  (at 37°C, l  =
71,  k  =  145).  Some  of the  disparity  is due  to the fact that human  1' (362)
is greater than goat 1' (277)  at 37°C. For this reason the value of goat  4l'  was
adjusted by multiplying it by  362/277  (see equation  3).  This gave a value
of 81  for goat l', so identical  increases  in solution rate would  have produced
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greatly  different  increases  in  cell  rate,  the  increase  being  dependent  on  the
cell  size.  In the adjustment  of 1' for the goat to  allow for interspecies  differ-
ences  in 1',  the allowance  for  X by using equation  4 rather  than equation  3
gives  an  adjusted  value  of 1' of less  than  80  so  the  argument  is  unaffected.
The horse showed  a comparison  of 1' and k'  intermediate  between man and
the goat, while the rabbit was similar  to man.
The  problem  can  best  be  considered  by  a rearrangement  of equation  4
which can be put into the form
b  [H/D  ({vk- tanh  +  [Hb/D}
Here k'  and k'  refer to any reaction constants  and not merely  to the oxygen
reaction.  The first  term  inside  the  brackets  in  the  denominator  is  the  only
term  involving  k'.  It  decreases  as  k'  increases.  The  second  term  inside
the  brackets  involves  b  and  X and  becomes  larger  if cell  size  increases  or
membrane  permeability  decreases.  It  is  clear  that  if k'  is  high  enough  for
1/  /k'  tanh  w to  be relatively  small in  comparison  with  (b/X)  x/[Hb]/D,
further increase in k' can cause little increase in k'  . Using the figures for goat X
calculated  for  b  = 0.7  ,  the two terms  1/ x/k' tanh  w and  (b/X)  N[Hb]/D
were about equal, this giving plenty of margin for increase in cell rate by in-
creasing  the  solution rate.  Their precise relative  importance  depends  on the
true values of b and  of X which  are not known accurately  so no exact  assess-
ment can  be made.  From  the  experimental  results  it appears  that the  CO
reaction  must have  been  fast enough  to make  the  first term relatively  small
in  the larger  human  cells but not  rapid  enough  to make  it relatively  unim-
portant  in  the  smaller  goat  cells  in  which  the  second  term  is  smaller.  The
assumptions involved in the equations make it impossible to explain the results
in  exact  terms  but  they  have  in  this  instance  provided  a  semiquantitative
explanation  of the experimentally  observed  importance  of cell  size.
In  studying  the  effect  of cell  size  alone  on  the  oxygen  reaction  Holland
and  Forster  (14)  found  a  linear  relationship  when  they  plotted  k  against
1  /r,  r being the  radius of a sphere  of volume  equal to that of the red cell  in
question.  This  was  a  reasonable  plot for  the oxygen  reaction  as  k'  is  much
greater than 1' and appeared uniform from species to species.  These facts per-
mitted the equation for 02 uptake by a membraneless  sphere  to be simplified
to kc  1  /r. The slowness  and interspecies  variation of 1' made this impossible
and in fact plots of 1'c  against  1  /r  did not show any firm relationship.
The  Effect of  Temperature on Cell Reaction Rate
The effect  of raising temperature  was in all cases  to increase 1' in the species
studied.  Its effect  is somewhat  complex as  it  not only  causes  an  increase  in
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1' but also an increase in the diffusion coefficient  of the gas. From inspection
of Figs.  1 to 4  it is apparent that  above  20°C  the  slope  of the  plot  of In  '
against 1/T was less than the slope  of In 1'. From  8 to 200  the increase  in 1'
was  more rapid  than  at higher  temperatures  except  in  the case  of human
beings where the 8° points were  close to the line for the other  points.
A regression equation was calculated  for the human cell reaction rates and
gave the relation
In I' =  15.32  - 3.42(10 3/T)
The  apparent  energy  of  activation  was  6.8  kcal/mole.  For  the  horses  the
regression equation  was calculated  only for 20°C and  above,  because  the  8°
points fell well below the line. For the horses,
In I'  =  11.21  - 2.16 (10 3/T)
This gave an apparent activation energy of 4.3 kcal/mole.
To  compare  these  results  with  what  is  expected  on  theoretical  grounds,
equations 3 and 4 were differentiated  with respect to 1/T (see Appendix).
By differentiation  of equation  (3) with respect to  1/ T
d(ln l)/d(l/T) =  -(E/R  +  T2 In  1.025)  - (co/sinh  cosh  co)
(E/R  - T21n  1.025)  (6)
For values  of co  greater than  about 3, this  approximates  to
d(ln l)/d(l/T) = -(E/R  +  T2 n  1.025)  (7)
In the human being this gives  negative values of d (n  l')/d(103/T) of 3.3  at
23°C and  3.5 at 37°C.  These  correspond  well with  the over-all value  of 3.4
(95  per cent confidence  limits  2.7  to 4.1)  actually  found  by the  regression
equation. At 8 °C, w/(sinh  co cosh co)  cannot be taken as zero. If for the human
being the half-thickness  of the cell  is  taken  as  1 u, co  =  2.1  and  w/(sinh  co
cosh  co)  =  0.15.  This  gives  a  predicted  value for  d (In l')/d (10S/T)  of 3.7.
This is close to the value at higher temperatures but is a little greater.
In the goats  the smallness  of the  cells and  in  the rabbits  the  lowness  of 1'
gave low values  of co,  so the horse  was chosen  to test the relation  of In 1' and
1  / T in another species.  The slope of the horse regression line gave a negative
value for d (n  l)/d(103/ T) of 2.2  (95 per cent confidence limits 1.6 to 2.8) com-
pared with a figure of approximately 3.2 predicted as above. This discrepancy
may have been  due  to experimental  error or to the fact that equations  3,  6,
and 7 neglect the cell membrane  resistance.  The differentiation  of equation 4
takes X into account  and for the case in which tanh  o  ~  1 (see Appendix)
d(ln l')  1 [E/R  T2n  .025}  2 d(1/T)_  =  _  E/R+TIn.025  {E/R  --  T lnl.025}  (8)
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The effect  of the last term in equation  8 is to decrease the magnitude of the
change  in  In  and  while  its  importance  is uncertain  in  any  one  case,  the
equation  provides  a  reasonable  explanation  of why  the  increase  in  l  with
temperature may fall short of the increase predicted by equation  7.
The results of Carlsen and Comroe  (2) giving an increase in human l'  by a
factor of  1.25 between  38 and 48°C are more in accord with equation 8 than
with equation  7 in which X is ignored. Equation 7 predicts a rise by a factor of
1.4 and the rise by a factor of only  1.25 may represent a membrane resistance
component  not changing  with temperature.
At low temperatures,  particularly in small cells where X can be less than  1,
the more rapid rate  of increase  in In  l' with temperature  can be explained.
The magnitude of the second part of equation 6 becomes larger as co decreases.
This occurs  when  '  decreases  at low  temperatures.  Taking  b as  0.8  /u and
calculating values for  co and hence for d ( In  ) /d  (1 / T) at 8  C these values are
higher  in  the rabbit  and  the  goat than  at  37°C.  In the  horse  there  is  little
difference.  However,  if the diffusion coefficient  of CO in Hb solution  were to
change  with temperature,  not according  to the  formula  given by Roughton
(22) and used in deriving equations 6 to 8, but according  to an Arrhenius plot,
the predicted  change  in 1' with temperature  would be greater at lower  tem-
peratures  and  less at the higher  temperatures  for all species  (see Appendix).
Direct measurements of the effect of temperature on the diffusion coefficient of
CO in hemoglobin  solutions  have not been made, and also  there is the possi-
bility of other changes  such  as a small  alteration in cell  size  or shape  at  low
temperatures.  In  view  of these  difficulties,  the  success  of  the  mathematical
model in explaining the direction of the changes and their approximate mag-
nitude is the best that could be hoped for.
Appendix
Derivation of the Equations Predicting Change in l'  with  Temperature
Equation 3 in  the text gives the cell uptake constant for a sheet model of the cell with
no bounding  membrane.
I=  F  H]tanhb  I [H]  (Al)
By differentiating  with respect  to (1/T)  the equation  can be  put into the Arrhenius
form. For this it is presumed  that the cell  size and  therefore  b and [Hb]  remain con-
stant as the temperature  is changed.
With change in temperature, I' varies according to the standard Arrhenius equation
of physical chemistry
d(ln l')/d(l/T) =  -E/R
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or
dl'/d(l/T) = -I'(E/R)  (A3)
where R is the gas constant. When R is in cal mole-' degree-',  E is in units of cal/mole.
The change  in D with  temperature  is less  well known.  Longmuir  and  Roughton
(17)  and  Klug,  Kreuzer,  and  Roughton  (15)  measured  D at room  temperature  in
concentrated  hemoglobin  solutions. The usual practice  in red cell reaction  rate study
has  been  to  correct  to temperature  T by  multiplying  by  1.025 (T-To)  (22).  In  the
absence  of more certain  information  this relation has been  used and expressing it in
the differential  form
dD/dT = D In  1.025  (A4)
or
dD/d(l/T) =  -DT 21n 1.025  (A5)
If the value of D varies according  to an Arrhenius plot,  T2 In  1.025  in equation A5
and subsequent equations  is replaced by Ediffisio/R. This is likely  for some  diffusion
processes  whose  energy  of activation  has  been  quoted  as  3.49 kcal/mole  (26).  This
figure for E gives an increase in D of 2.1 to 2.5 per cent per degree in the physiological
range,  the increase being greater at lower temperatures.
Equation Al  may be written as
I,  1  tanh  (A6) 5([Hb]
where
(  = b  /1' [Hb]/D
Using equations A3  and A5 it is simply shown that
do/d(/ T)  -w  { (E/R)  - T2 In  1.025  (A7)
and  that
d tanh co/d(l/T) =  -w  sech2 co{(E/R)  - T2 In  1.025}  (A8)
Differentiating  equation Al  with respect to (1/T)
1/  T--10  --  +  T  In  1.025} +  sinh  - cosh  }n5]  (A9)
d(l/T)  2  sinhwcoshW
and hence
d(ln 1.)  E +sinh  cosh2 In  10252]  (A10)
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As w increases,  w/(sinh w cosh co)  approaches zero and equation  A10  becomes
d(ln  )  {E  In 1025  (All) d(1/T)  ½ 
This result is also obtained  if equation A6  is differentiated for the case in which tanh
w  =  1 which  is  approximately  true  for values  of co  greater  than  3.  For values of co
greater than  2, w/(sinh  co  cosh co)  is less than 0.15 so the error in using equation All
instead of equation  A10 is small. The effect of o being  small is that the magnitude  of
d(ln 1')/d(l/T) is increased  since for all species studied the temperature  effect on 1' is
greater than  on D.
As w approaches  zero, which occurs  in the case of an infinitely small cell, co/(sinh co
cosh w) approaches  1, and  d(ln l)/d(l/T) approaches  (--E/R) which  is  the value
for hemoglobin  solution.  Other factors  making  co  small  are  a  slow  solution  reaction
rate  and a high diffusion coefficient.
When the model is bounded by a membrane,  equation 4 of the text applies.  It has
been  differentiated  on the  assumption  that X does not vary with  temperature.  The
differentiation  is complex  if tanh  o  #  1, but if tanh  =  1
d(n/I)  I[E  T  a  _  c  (R  T  In  1A02
d(l/T)  - [  2 V  In  1.025  X  +  TIn .025]  (A12)
Because the temperature effect is greater  on 1' than on D (that is E/R >  T2 In  1.025),
the effect of the extra term, in this case (/(X  +  w))  (E/R - T2 In 1.025)  is to decrease
the magnitude  of d(ln l')/d(1/T) below the value for a membraneless  sheet.
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